We investigated the use of metals accumulated on tree bark for mapping their 2 deposition across metropolitan Sheffield by sampling 642 trees of three common species.
Introduction
Inhalation of atmospheric aerosols, particularly of the fine size-fraction, can cause 23 lung diseases, and regulatory standards exist to ensure that air quality meets interna-24 tionally defined standards. Airborne particulate matter (APM) for PM 2.5 and PM 10 is 25 now widely monitored, particularly in urban environments. Nevertheless, government 26 agencies and local authorities rarely have the resources to install equipment at the 27 many sites that would be needed to map the spatial distribution of airborne particles.
28
Normal practice for monitoring metals in APM is to establish installations at a few 
67
Determination of the metal contents of tree bark cannot lead to a direct as- Sheffield has a long tradition of iron smelting and the production of steel. The invention 101 of the crucible process in 1740 sparked a massive expansion of the industry in the city, 102 relying in part on coal from local mines, which continues to this day. This in turn led to severe air pollution before measures to combat it were introduced under the Clean Air 
124
Below we discuss the significance of these sources in relation to the distributions 125 of the metals in bark.
126
In establishing the region for our current study we wished to encompass the at Mace Head (Table 2) ; for Cr, Mn, Ni and Ti they were an order of magnitude larger.
184
Anthropogenic sources are almost certainly the reason for the greater concentrations 185 of metal in the tree bark in Sheffield.
186
What is highly significant is that the distributions of all the elements are strongly 187 positively skewed, with skewness coefficients ranging from 1.7 to almost 10. We found that all could be described well by a three-parameter log-normal distribution, which 189 has the probability density function: 
202
For the purpose of this paper we wanted to select a few elements from the 17 listed 203 above that would illustrate both the feasibility of analysing APM in bark and mapping 204 the distribution of elements in it and produce maps interesting in their own right.
205
To help in the selection we did a principal component analysis on the correlation 206 matrix of the logarithms. We hoped thereby to see any clusters of strongly correlated 207 elements from which we could choose representatives and any other elements that were
208
clearly uncorrelated with others and should be treated in their own right. 
where ν ij is the ith entry in the jth eigenvector, λ j is the jth eigenvalue, and σ circumference of one of these circles the better are they represented in that projection.
220
We note first that all of the plotted points fall in the right hand halves of the 
where E [·] denotes the statistical expectation of the term in brackets, and h is a 243 lag vector, a displacement in space from the location x. 2. The expected squared difference between Y (x) and Y (x + h) depends only on h:
The quantity γ(h) is the variance perpoint at lag h and as a function of h is the 246 variogram.
247
A preliminary display of the data for Ni and Cd at least suggested that the 
278
We treat the transformed data as the outcome from a mixed model: the fixed and random components simultaneously, minimizing the estimation variance.
289
The separate contributions need not be explicitly computed when we use universal 290 kriging, but they should be inspected to assess the weight of evidence for a trend in 291 the variable.
292
We first chose a few plausible models for the trend in Equation (5) by inspection 293 of the data. We then separated these trends from the data and computed experimental 294 variograms of the residuals by the usual method of moments:
where y(x j ) and y(x j +h) are the values of y at sampling points x j and x j +h separated
296
by the lag h and m(h) is the number of paired comparisons at that lag. We fitted several 297 of the standard simple models to these variograms by weighted least squares and chose
298
the ones that fitted best in the least squares sense.
299
This estimation of the trend ignores the spatial correlation of the residuals, but 300 is acceptable for exploratory purposes. We found that we could describe the trend in 301 the transformed data simply by the distance from a reference site in the north-east of 302 the region, so that our full model for the variation was
where || · || denotes the Euclidean norm of the enclosed vector. The vector x R is 304 the reference site close to the steel works in the north-east of the region with British
305
National Grid co-ordinates (441945.8, 390339.4). We chose this model in preference to 306 a more conventional linear function of the co-ordinates because it achieved at least as 307 good an ordinary least-squares fit to the data with one fewer terms.
308
We then computed the experimental variograms of the ordinary least-squares 309 residuals and found that an isotropic exponential model with nugget gave a satisfactory
in which c 0 is the nugget variance, c is the sill of the correlated variance, a is a distance 312 parameter and h = ||h|| is now a scalar in distance only. This model, which is widely 313 used in geostatistics, increases asymptotically to its maximum, with an effective range 314 of 3 × a. used to obtain predictions at points on a fine grid over the region by universal kriging.
329
The universal kriging (UK) uses the specified fixed effects in the prediction and the 330 covariance parameters estimated by reml. Note that for arsenic, for which the trend 331 was effectively constant, the universal kriging predictions are the same as those from 332 ordinary kriging since we estimate one fixed effect, β 0 , which is the mean. 
where the ψ 0 , ψ 1 , . The trend models fitted for each element, after log-transformation, are listed 376 in elsewhere.
392
The analysis reveals that the random effect for both Cd and Ni has marked east, 384 km north) in an entirely residential area, and we cannot explain it.
432
The spatial distribution of arsenic (As) is considerably more complex than that 
Discussion

450
The substantially larger mean concentrations of metals in tree bark across Sheffield 
